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INTRODUCTION: 

The most important  parameter  in r e p r e s e n t i n g  energy feedback t o  a p a r t i c l e  
du r ing  cha r  combustion concerns t h e  o x i d a t i o n  of CO t o  COz. I f  s u b s t a n t i a l  oxida-  
t i o n  of CO occur s  nea r  a p a r t i c l e ,  then t h e  g r e a t e r  hea t  of combustion f o r  t h e  
complete o x i d a t i o n  o f  carhon t o  Cog (94 .1  kcal /mole VS. 26.4 kcal /mole f o r  oxida-  
t i o n  t o  CO) is a v a i l a b l e  f o r  energy feedback mechanisms. "Energy feedback" is h e r e  
de f ined  as any s i t u a t i o n  in which a n  i n d i v i d u a l  p a r t i c l e  r e c i e v e s  a s i g n i f i c a n t  
f r a c t i o n  of i t s  h e a t  of combustion d i r e c t l y ,  through t h e  l o c a l i z e d  o x i d a t i o n  of 
emi t t ed  combust ible  s p e c i e s ,  i . e .  CO. Conversly,  i f  t h e  o x i d a t i o n  of CO does  n o t  
occur  n e a r  a p a r t i c l e ,  t hen  energy feedback w i l l  on ly  occur  i n d i r e c t l y ,  through 
h e a t i n g  of t h e  bulk gas .  The primary r e a c t i o n  product  a t  t h e  p a r t i c l e  s u r f a c e  
d u r i n g  cha r  combustion is g e n e r a l l y  cons ide red  t o  be CO, and t h e  l o c a t i o n  of t h e  
subsequent  CO o x i d a t i o n  zone p l ays  a ve ry  impor t an t  r o l e  in de te rmin ing  t h e  p a r t i -  
c l e  temperature .  Ayling and Smith ( 1 )  performed expe r imen ta l  and modeling work 
which i n d i c a t e s  t h a t  CO o x i d a t i o n  is not  of major importance under t h e  c o n d i t i o n s  
t h e y  i n v e s t i g a t e d ,  a l though  they noted a need f o r  improved accuracy  in measuring 
c h a r  r e a c t i v i t i e s ,  as we l l  as f o r  b e t t e r  modeling of t h e  g a s  phase CO o x i d a t i o n  
k i n e t i c s .  The modeling work p resen ted  in t h i s  paper  a t t empt s  t o  develop an 
improved unde r s t and ing  of t h e  boundary l a y e r  o x i d a t i o n  of CO through t h e  u s e  of a 
comprehensive s e t  of k i n e t i c s  expres s ions .  It  is hoped t h a t  t h e  use  of a funda- 
mental  set o f  k i n e t i c s  e x p r e s s i o n s  w i l l  more a c c u r a t e l y  r e p r e s e n t  t h e  t r a n s c i e n t  
c o n d i t i o n s  occur ing  around an o x i d i z i n g  c h a r  p a r t i c l e ,  when compared t o  t h e  use of 
g l o b a l  k i n e t i c s  e x p r e s s i o n s .  The t r a n s p o r t  and energy e q u a t i o n s  are s o l v e d ,  gener- 
a t i n g  both s p e c i e s  and t empera tu re  p r o f i l e s  su r round ing  a s i n g l e  p a r t i c l e .  

MODEL DEVELOPMENT: 

The CO o x i d a t i o n  model developed a t  S t an fo rd  c u r r e n t l y  employs a number of 
assumptions,  which a r e  l i s t e d  i n  Table  I .  One c r i t i c a l  assumption used i s  t h e  
r e s t r i c t i o n  t h a t  t h e  on ly  mass f l u x e s  a t  t h e  p a r t i c l e  s u r f a c e  a r e  CO and 02. The 
s p e c i e s  mass t r a n s p o r t  e q u a t i o n  used assume convec t ive  and d i f f u s i v e  t r a n s p o r t  
on ly ,  w i th  sou rce  terms c a l c u l a t e d  from t h e  k i n e t i c s  expres s ions .  The gas  phase 
r e a c t i o n s  are  modeled through t h e  u s e  of a subse t  of a s e t  of e x p r e s s i o n s  deve l -  
oped by Westbrook, et a1 (2 )  t o  s t u d y  t h e  p y r o l y s i s  and o x i d a t i o n  of e thy lene .  
This  subse t  is l i s t e d  in Table 2.  The s u c c e s s  of t h i s  model i n  p r e d i c t i n g  t h e  
p r o p e r t i e s  of a l amina r  e t h y l e n e  flame s u g g e s t s  t h a t  i t  is a l s o  v a l i d  f o r  t h e  more 
s imple  f u e l s  con ta ined  as s u b s e t s  ( i . e .  CO ). 

The b a s i c  equa t ion  f o r  mass t r a n s p o r t  i n  t h e  p a r t i c l e  boundary l a y e r  i s  
below. 

Convect ion Dif fus ion  Source 
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where 
Pi = 

P =  
6.. = 

a =  

Di = 

C 

bi = 

Mass f r a c t i o n  of s p e c i e s  i 

D e n s i t y  of l o c a l  g a s  mix tu re ,  gmfcm 

Carbon flux a t  p a r t i c l e  s u r f a c e .  g m f c m  f s e c  

P a r t i c l e  r a d i u s ,  c m  

D i f f u s i o n  c o e f f i c i e n t  f o r  s p e c i e s  i, cm f s e c  

Source term f o r  s p e c i e s  i (from k i n e t i c s ) ,  gm/cm f s e c  
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2 

2 
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Equat ion 1 i s  non-dimensional ized through t h e  use of t h e  pa rame te r s  below. 

y = a f r  Non-dimensional c o o r d i n a t e  
(PI /P)  

Non-dimensional mass f r a c t i o n  x i =  7q7iTm 
Bi = (pi/p),pDi/(aic) Non-dimensional d i f f u s i o n  c o e f f i c i e n t  

si = abi /  ( y  6:) Non-dimensional s o u r c e  term 4 

The r e s u l t i n g  form f o r  t h e  t r a n s p o r t  equa t ion  is: 

In equa t ion  2a, t h e  term Fi r e p r e s e n t s  a non-dimensional f l u x ,  f o r  s p e c i e s  1. The 
two equa t ions  above a r e  s o l v e d ,  w i t h  t h e  boundary c o n d i t i o n s  being:  

3 ( y = 1 )  = 1 

Fi(y=I) = 0 excep t  f o r :  Fco(y=l) = 28/12 

Fo ( y = l )  = -16f12 
2 

For i = C0,C02,02,Ar,H20,0,H,0H,H2 

The mas8 t r a n s p o r t  e q u a t i o n s  i n  t h e  boundary l a y e r  a r e  so lved  a l o n g  wi th  a s i m p l e  
f o r m  of t h e  energy e q u a t i o n ,  which is s i m i l a r  t o  t h e  t r a n s p o r t  equa t ion  used. 

where Conduction Convect ion Source 

Kg = The ave rage  hulk thermal  c o n d u c t i v i t y ,  ergfcm s e c  K 

C = The ave rage  bulk h e a t  c a p a c i t y ,  ergfgm K g 

As wi th  t h e  s p e c i e s  t r a n s p o r t  equa t ion ,  t h i s  e q u a t i o n  is  t ransformed i n t o  non- 
dimensional  c o o r d i n a t e s .  
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The s o l u t i o n  procedure u t i l i z e d  t o  s o l v e  t h e  mass and energy t r a n s p o r t  e q u a t i o n s  
is  o u t l i n e d  i n  Table  3. The s o l u t i o n  i s  f i r s t  broken down i n t o  two components. The 
f i rs t  wrt ,  xi 1 ( y )  r e p r e s e n t s  t h e  s o l u t i o n  t o  t h e  homogenous p o r t i o n  of equa t ions  
2a and 2b. 1.e: wi th  no g a s  phase r e a c t i o n s  occur ing  (S, = 0). In 
homogeneous s o l u t i o n  t a k e s  a- p a r t i c u l a r l y  s imple  analytical form. 

t h i s  c a s e  t h e  

5) 

The complete s o l u t i o n  i s  then  r ep resen ted  as t h e  sum of t h i s  homogeneous term and 
an inhomogeneous term, x l ( y ) .  The boundary c o n d i t i o n s  on t h i s  inhomogeneous term 
now become p a r t i c u l a r l y  s imple ,  be ing  x i ( y = l )  = 0 . One n i c e  f e a t u r e  of t h i s  s o l u -  
t i o n  technique i s  t h a t  i t  a l lows  t h e  g e n e r a l  c h a r a c t e r  o f  t h e  s o l u t i o n  t o  be c a l -  
c u l a t e d  immediately ( t h e  homogeneous s o l u t i o n )  , whi le  t h e  more d i f f i c u l t  inhomog- 
eneous po r t ion  can be d e a l t  w i t h  s e p e r a t e l y .  The inhomogeneous p o r t i o n  r e p r e s e n t s  
a ve ry  s t i f f  e q u a t i o n ,  and  n r e l a x a t i o n  t echn ique  is a p p l i e d  to  r each  a s o l u t i o n .  
The s p e c i e s  and ene rgy  e q u a t i o n s  are so lved  i n  s e r i e s ,  as i n d i c a t e d  i n  Tab le  3 ,  
and t h i s  procedure is  r epea ted  u n t i l  a d e s i r e d  convergence c r i t e r i o n  has  been 
achieved.  

MODEL RESULTS: 

The inpu t  pa rame te r s  r equ i r ed  f o r  t h i s  model, and t h e  t y p i c a l  "base case"  
va lues  used,  a r e  l i s t e d  i n  Tab le  4. The v a l u e s  f o r  t h e  base case  have been chosen 
t o  match c o n d i t i o n s  measured e x p e r i m e n t a l l y  i n  t h e  S tan fo rd  flow-tube r e a c t o r ,  i n  
which t h e  independent  v a r i a t i o n  of many of t h e  impor t an t  r e a c t i o n  pa rame te r s  i s  
p o s s i b l e ,  i n  p a r t i c u l a r  t h e  bulk gas  t empera tu re ,  t h e  oxygen c o n c e n t r a t i o n ,  and 
t h e  p a r t i c l e  s i z e .  For t h e  c u r r e n t  modeling r e s u l t s  t h e  i n p u t  pa rame te r s  have been 
independen t ly  v a r i e d  around t h e  s i n g l e  base case  determined from t h e  flow-tube 
r e a c t o r ,  without  a t t e m p t i n g  t o  r e p r e s e n t  t h e  in t e rdependenc ie s  of t h e  pa rame te r s .  
The base  case  v a l u e  f o r  t h e  c h a r  r e a c t i v i t y  a t  1800K of 0.03 gm carbon/cm2/sec 
ag rees  ve ry  we l l  w i t h  t y p i c a l  v a l u e s  measured f o r  c h a r  r e a c t i v i t i e s  (Smith ( 3 ) ) .  
a l though  t h e  f r e e  stream s p e c i e s  c o n c e n t r a t i o n s  i n  t h e  S tan fo rd  flow-tube r e a c t o r  
can be s i g n i f i c a n t l y  d i f f e r e n t  t h a t  t h o s e  found i n  t y p i c a l  pu lve r i zed  c o a l  combus- 
t i o n  a p p l i c a t i o n s .  The importance of t h i s  w i l l  be d i s c u s s e d  l a t e r .  

F igu re  1. The lower cu rve  is t h e  s o l u t i o n  wi th  no g a s  phase r e a c t i o n s ,  w h i l e  t h e  
upper curve shows t h e  e f f e c t  of CO o x i d a t i o n  i n  t h e  boundary l a y e r .  The c a s e  
chosen is  one i n  which t h e  g r e a t e s t  e f f e c t  of boundary l a y e r  CO o x i d a t i o n  w a s  
observed.  a l though  a l l  c a s e s  show s i m i l a r  p r o f i l e s .  In bo th  curves t h e  p a r t i c l e  
t empera tu re  is s u b s t a n t i a l l y  above t h e  bulk g a s  t empera tu re  (by about  500K). w i th  
t h i s  temperature  ove r shoo t  i n c r e a s e d  by .abou t  60K when g a s  phase CO o x i d a t i o n  w a s  
i nc luded .  F igu re  1 i n d i c a t e s  t h a t  one way t o  r e p r e s e n t  t h e  e f f e c t  of CO o x i d a t i o n  
on t h e  p a r t i c l e  t empera tu re  would be t o  look a t  t h e  i n c r e a s e  i n  t h e  p a r t i c l e  s u r -  
f a c e  temperature  ove r  t h a t  w t t h  no g a s  phase CO o x i d a t i o n .  This  parameter  has  been 
c a l c u l a t e d  wh i l e  p a r a m e t r i c a l l y  v a r y i n g  t h e  v a r i a b l e s  l i s t e d  i n  Table  4 ,  and t h e  
r e s u l t s  a r e  d i scussed  below. 

A t y p i c a l  t empera tu re  p r o f i l e  i n  t h e  p a r t i c l e  boundary l a y e r  i s  p resen ted  i n  

The dependence of t h e  bulk gas  oxygen c o n c e n t r a t i o n  is seen i n  F igu re  2. The 
dependence i s  a r easonab ly  s t r o n g  one,  a l though  f o r  t h e  c o n d i t i o n s  s t u d i e d  t h e  
t empera tu re  i n c r e a s e  due t o  CO o x i d a t i o n  i n  t h e  boundary l a y e r  i s  f a i r l y  l o w .  Thus 
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t h e  energy feedback due  t o  CO o x i d a t i o n ,  while  not n e g l i g i b l e ,  is not  cons ide red  
t o  be a dominant mrclinnism under these  c o n d i t i o n s .  It i s  important  t o  n o t e  t h a t  
a l though  t h e  base c a s e  chosen i n d i c a t e s  l i t t l e  CO o x i d a t i o n  in t h e  boundary l a y e r ,  
t h e  t r e n d s  observed w i l l  g iven  t h e  r e l a t i v e  importance of t h e  v a r i o u s  pa rame te r s  
s t u d i e d .  

The dependence on t h e  bulk gas water c o n c e n t r a t i o n  is seen  in Figure  3. This 
parameter  is impor t an t  due t o  t h e  l i m i t i n g  gas  phase r e a c t i o n  CO + OH + C02 + H . 
A t  low c o n c e n t r a t i o n s  t h e r e  i s  a s t r o n g  dependence of t h e  t empera tu re  i n c r e a s e  due 
t o  CO o x i d a t i o n  in t h e  boundary l a y e r  on t h e  bu lk  g a s  water c o n c e n t r a t i o n ,  and 
t h i s  dependence t a i l s  o f f  a t  h i g h e r  c o n c e n t r a t i o n s .  One r eason  t h a t  t h e  temper- 
a t u r e  i n c r e a s e  i s  r e i a t i v e i y  iow f o r  t h e  base case cons ide red  in t h e  c u r r e n t  s t u d y  
i s  t h a t  t h e  wa te r  c o n c e n t r a t i o n s  p r e s e n t  in t h e  S tan fo rd  r e a c t o r  a r e  r e l a t i v e l y  
low. The on ly  sou rce  o f  wa te r  in t he  S tan fo rd  flow-tube r e a c t o r  is t h e  moi s tu re  
and hydrogen p r e s e n t  In t h e  c o a l  fed i n t o  t h e  r e a c t o r ,  and t h e  r e l a t i v e l y  low 
p a r t i c l e  c o n c e n t r a t i o n s  p re sen t  ( < 10 par t i c l e s / cm’  ) r e s u l t s  in low wa te r  
c o n c e n t r a t i o n s .  F u t u r e  work w i l l  c o n s i d e r  c o n d i t i o n s  in which t h e  water 
c o n c e n t r a t i o n s  a r e  a t  h i g h e r  v a l u e s ,  s i n c e  t h i s  l ooks  l i k e  a c r u c i a l  parameter  in 
s t u d y i n g  g a s  phase CO o x i d a t i o n ,  and many pu lve r i zed  c o a l  combustion environments  
i n v o l v e  wa te r  c o n c e n t r a t i o n s  s u h s t a n t i a l l y  above t h o s e  s e e n  in t h e  S tan fo rd  flow- 
t u b e  r e a c t o r .  

The dependence o f  t h e  t empera tu re  i n c r e a s e  on t h e  cha r  r e a c t i v i t y  i s  seen  in 
F i g u r e  4. The t empera tu re  i n c r e a s e  is a r e l a t i v e l y  s t r o n g  f u n c t i o n  o f  t h e  c h a r  
r e a c t i v i t y ,  but  e v e n t u a l l y  becomes l e s s  important .  This l e v e l i n g  o f f  of t h e  curve 
i s  t h e  r e s u l t  of twn competlnl! p rocesses .  An t h e  c h a r  r e a c t i v i t y  is  i n c r e a s e d ,  t h e  
amount of CO p r e s e n t  in t h e  p a r t i c l e  boundary l a y e r  i n c r e a s e s .  which i n c r e a s e s  t h e  
ene rgy  r e l e a s e  due t o  CO o x i d a t i o n  n e a r  t h e  p a r t i c l e .  A competing e f f e c t  w i th  t h i s  
is t h e  r e s u l t i n g  i n c r e a s e  of t h e  convec t ive  term i n  t h e  h e a t  t r a n s f e r  equa t ion ,  
which t ends  t o  r educe  t h e  feedback of energy r e l e a s e d  in t h e  boundary l a y e r  back 
t o  t h e  p a r t i c l e  a s  t h e  c h a r  r e a c t i v i t y  i n c r e a s e s .  The n e t  e f f e c t  of t h e s e  two 
p r o c e s s e s  is t h e  l e v e l i n g  o f f  t h e  t h e  cu rve  seen  in Figure  4. 

The dependence on t h e  p a r t i c l e  r a d i u s  is s e e n  in Figure  5 .  It is impor t an t  t o  
n o t e  t h a t  t h e  cha r  r e a c t i v i t y  has  been h e l d  c o n s t a n t  i n  t h i s  pa rame t r i c  run ,  wh i l e  
in r e a l i t y  t h e  c h a r  r e a c t i v i t y  is a s t r o n g  f u n c t i o n  of t h e  p a r t i c l e  r a d i u s ,  and 
t h i s  must be t a k e n  into c o n s i d e r a t i o n  i n  o r d e r  t o  b e t t e r  r e p r e s e n t  t h e  t r u e  e f f e c t  
o f  t h e  particle r a d i u s .  For a f i x e d  r e a c t i v i t y ,  however, t h e  t empera tu re  i n c r e a s e  
due  t o  CO o x i d a t i o n  is a s t r o n g  f u n c t i o n  of t h e  p a r t i c l e  r a d i u s ,  a q u a d r a t i c  type 
of dependence. Th i s  is due p r i m a r i l y  t o  t h e  i n c r e a s e d  h e a t  t r a n s f e r  from a s m a l l e r  
pa‘ t i d e  t o  t h e  s u r r o u n d i n g s ,  which t ends  t o  l e s s e n  t h e  e f f e c t  of boundary l a y e r  
C O i x i d a t i o n .  The a c t u a l  e f f e c t  o f  p a r t i c l e  s i z e  is some combination of t h i s  
e f f e c t  w i th  t h e  s t r o n g  i n c r e a s e  in t h e  p a r t i c l e  r e a c t i v i t y  a s  t h e  r a d i u s  is 
decreased.  These two e f f e c t s  r e s u l t  in opposing t r e n d s ,  s o  t h e  n e t  e f f e c t  of t h e  
p a r t i c l e  r a d i u s  is not c l e a r  a t  t h i s  p o i n t .  

The dependence on t h e  bulk g a s  t empera tu re  i s  seen  i n  F igu re  6. Again t h e r e  
i s  an  in t e rdependence  between t h i s  parameter  and t h e  c h a r  r e a c t i v i t y ,  a ve ry  s tong  
i n f l u e n c e  u i c h  is n o t  r e p r e s e n t e d  in t h e  c u r r e n t  modeling work. As expec ted ,  t h e  

t i o n  Of  t h e  bulk g a s  t empera tu re .  A t empera tu re  i n c r e a s e  of about  60K i s  seen  at  a 
b u l k  gas  t empera tu re  o f  2000K. When t h e  accompanying e f f e c t  of t h e  c h a r  r e a c t i v i t y  
dependence on t he  t empera tu re  is inc luded ,  an even s t r o n g e r  dependence of t h e  
t empera tu re  i n c r q a s e  d u e  t o  CO o x i d a t i o n  is expected.  

e f f e c t  of C 6 o x i d a t i o n  in t h e  houndary l a y e r  is a ve ry  s t r o n g  ( e x p o n e n t i a l )  func- 
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CONCLUSIONS: 

I 

For t h e  c o n d i t i o n s  s t u d i e d .  t h e  e f f e c t  of CO o x i d a t i o n  i n  t h e  houndary 
l a y e r  du r ing  c h a r  combustion does  n o t  appea r  t o  be o f  major importance.  
It i s  impor t an t  t o  n o t e  t h a t  t h e  model i n p u t  parameters  s t u d i e d  were 
designed t o  s i m u l a t e  c o n d i t i o n s  p r e s e n t  i n  t h e  Stanford flow-tube r eac -  
t o r ,  and t h a t  t h e  importance of boundary l a y e r  CO o x i d a t i o n s  i n  t y p i c a l  
pu lve r i zed  c o a l  combustion environments  has  n o t  y e t  been s t u d i e d  wi th  
t h i s  model. 

The i n t e r d e p e n d e n c i e s  between t h e  model i n p u t  parameters  need to be 
modeled i n  o r d e r  t o  b e t t e r  r e p r e s e n t  t h e  a c t u a l  p rocesses  occur ing  d u r i n g  
CO ox ida t ion .  I n  p a r t i c u l a r ,  t h e  parameters  which i n d i c a t e s  t h e  p o s s i b i l -  
i t y  of  a s t r o n g  s y n e r g i s t i c  i n t e r a c t i o n  a r e  t h e  water c o n c e n t r a t i o n ,  
oxygen c o n c e n t r a t i o n ,  and /o r  t h e  bulk g a s  t empera tu re  w i t h  t h e  c h a r  reac- 
t i v i t y .  

The model r e s u l t s  i n d i c a t e  t h e  r e l a t i v e  importance of t h e  v a r i o u s  
parameters .  The wa te r  c o n c e n t r a t i o n  i s  cons ide red  t o  be a c r u c i a l  para-  
meter f o r  t w o  r easons .  F i r s t ,  i t  has  a s t r o n g  i n f l u e u c e  on OH concentra-  
t i o n  i n  t h e  p a r t i c l e  houndary l a y e r ,  which i n  t u r n  p l a y s  a dominant r o l e  
i n  t h e  o x i d a t i o n  k i n e t i c s  of CO. Secondly,  many pu lve r i zed  c o a l  combus- 
t i o n  environments  a r e  expec ted  t o  have s u b s t a n t i a l l y  h i g h e r  wa te r  concen- 
trations than t h a t  chosen f o r  t h e  base case  c o n d i t i o n  used wi th  t h i s  
model. Other  pa rame te r s  which appea r  t o  be v e r y  important  a r e  t h e  bu lk  
gas  t empera tu re  and t h e  oxygen c o n c e n t r a t i o n ,  e s p e c i a l l y  when t h e i r  
i n f l u e n c e  on t h e  c h a r  r e a c t i v i t y  is t aken  i n t o  account .  
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TABLE 1. ASSUMPTIONS 

0 Steady State.  

0 Di f fus ive  and convective transport only. 

Constant par t i c l e  radius. 

0 Spherical symmetry. 

e Surface mas8 f l u x  is  given. 

0 

0 Quiescent atmosphere. 

0 Convective and Conductive gas phase heat transfer only. 

CO and O2 are the only surface f luxes .  

HOg and H 2 0 2  are unimportant a t  the temperatures studied. 

TABLE 2. REACTIONS CONSIDERED 

l . H  + 0 2  * 0 + O H  

2 . H 2 + O  * H + O H  

3.  H 2 0  + 0 * OH + OH 

4. H 2 0  + H * H2 + OH 

5 . H 2 0 + M  t H + O H + M  

6. O + H + H  * OH + M 

7 . 0 2  + M  * O + O + M  
8 . H 2  + M  * H + H + M  

9.  CO + OH t CO2 + H 

10. CO + 0 + M * CO2 + M 
11. co2 + 0 t co + o2 

6 r 



TABLE 3.  SOLUTION PROCEDURE 

I 

SOLVE FOR A "FIRST CUT" VERSION, x i , l ( y )  

with Fi = 0 except FCO = 2 8 / 1 2  , FO2 = -16/12 

NOW WRITE THE SOLUTION AS x i= X i , l+  XIi  

where xi s a t i s f i e s  the equation ..... 

w i t h  a l l  x;(y=O) = 0 

Use x ( y )  and the current temperature prof i le  to  ca lculate  

the terms S ( y )  and : '"(y) from the k inet ics  expressions.  
i 

i 

Integrate Si (y )  to  get a new Fi(y)  

SOLVE EQUATION 2 )  USING THIS F i ( y )  , 4th Order Runge-Kutta Routine Used 

THE SOLUTION I S  THE NEW VALUE FOR x;(y) 

SOLVE THE ENERGY EQUATION, GIVEN d " ' ( y )  (See next page) 

REPEAT UNTIL THE SYSTEM CONVERGES 
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TABLE 3. SOLUTION PROCEDURE (cont.) 

The E n e r g y  E q u a t i o n :  

G i v e n  a p a r t i c l e  t e m p e r a t u r e ,  t h e  t e m p e r a t u r e  g r a d i e n t  a t  t h e  

p a r t i c l e  s u r f a c e  [ - ( y = l )  ] is c a l c u l a t e d  f r o m  a n  e n e r g y  b a l a n c e .  
dT 
d y  

a o  4 am* '  a c o T  

iT T" 
= 2 ( f a c t o r )  - 2 + 

g g 
K 

dr ( y = l )  
g 

dY K 

f a c t o r  = e r g s  r e l e a s e d  p e r  g r a m  c a r b o n  o x i d i z e d  t o  CO 

0 = the  S t e f a n - B o l t z m a n  r a d i a t i o n  c o n s t a n t  

w h e r e  

E = e m i s s i v i t y  o f  t h e  c h a r  p a r t i c l e  ( t a k e n  as 0.9) 

e n  t h e s e  i n i t i a l  c o n d i t i o n s ,  E q u a t i o n  3 is s o l v e d  w i t h  a 
o r d e r  R u n g e - K u t t a  r o u t i n e ,  m a r c h i n g  f r o m  y = 1 t o  y = 0. 

The c a l c u l a t e d  v a l u e  T(y=O) is compared  w i t h  t h e  b u l k  g a s  t e m p e r a t u r e ,  and  
t h e  p r o c e d u r e  i s  r e p e a t e d  u n t i l  c o n v e r g e n c e  is o b t a i n e d .  ( S h o o t i n g  method) .  

TABLE 4. INPUT PARAMETERS 

fig = .01 ,.02 ,*, -04 ,.05 gm/cm2/sec  

Tg = 1600 , 1 7 0 0  ,1800 ,1900 ,2000 K 

a = 10 ,20 ,30 ,% ,50 , 6 0  m i c r o n s  

S p e c i e s  Mass F r a c t i o n s  a t  i n f i n i t y :  

02 = - 0 0 4 0  ,a0820 ,0.124 ,0.167 ,0.211 

H20 =I 

CO2 0.0056 

0 .00046 ,0.0023 ,0 .0046 ,0.0116 ,0 .0236 

C 0 , 0 , H , 0 H , H 2  = C a l c u l a t e d  f rom c h e m i c a l  e q u i l i b r i u m .  

A r  = The b a l a n c e .  

NOTE: The u n d e r l i n e d  q u a n t i t i e s  r e p r e s e n t  t h e  " b a s e  case", 

m e a s u r e d  f r o m  e x p e r i m e n t a l  r e s u l t s  w i t h  t h e  S t a n f o r d  r e a c t o r .  
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Figure 1 .  Temperature Proff les .  
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Figure 2. Oxygen Concentration Dependence. 
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WATER CONCENTRATION DEPENDENCE 
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Figure 3. Water Concentration Dependence. 
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Figure 4 .  Char Reactivity Dependence. 
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Figure 5 .  Par t i c l e  Radius Dependence. 

BULK GAS TEMPERATURE DEPENDENCE 

Figure 6 .  Bulk Gas Temperature Dependence. 
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